Sweet taste: GRNs, CNS and behaviors
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nutritive substances: suagrs, amino acids, low salt

harmful substances: high salt, acids, bitter compounds

non-canonical modalities : fatty acids, carbonated water,
polyamines, H202, bacterial lipopolysaccharide (LPS),
ammonia, calcium ...

receptors: Grs, Irs, Trp, and ppk receptors




% |
\

powerful genetic model

“Sweet”

1.How various chemical cues are detected? —JSH

2. How taste neurons connect to different higher-
order neuronal circuits? —SMS

3. How input from GRNs is evaluated for complex
taste-associated behaviors? —MMZ




ONE.

Taste Detection By Sensory Neurons

JSH




The distribution of taste organs in adult Drosophila and larval
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External taste organs: 1.The anterior wing margins
2.Distal segments of the legs
3.The labellum

Internal taste organs: Three pharyngeal taste organs
labral sense organ (LSO), ventral cibarial sense organ (VCSO),
dorsal cibarial sense organ (DCSO)

The larval taste system is simpler than that of the
adult.

v" The dorsal organ

v The terminal organ

v" The ventral organ

v" Three pharyngeal organs

Chen Y, Dahanukar A. Cellular and Molecular Life Sciences, 2020.

Ana DC, Diego G, Yael G. Frontiers in Ecology and Evolution, 2015.




Taste sensilla is the basic functional units of taste detection
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Gr5a

Grb5a cells selectively respond to sugars
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Sugars are dependent on Grda or Gr64a for neuronal and behavioral responses
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Sugars are dependent on Grda or Gr64a for neuronal and behavioral responses
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Sugars are dependent on Grda or Gr64a for neuronal and behavioral responses
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Gr64f is required to sense trehalose together with Grba
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Gr64f is required in combination with Gr64a to detect sucrose, maltose, and glucose
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Sugar Gr genes are expressed in a combinatorial manner

1.Gr64a is not expressed in
labellar taste neurons

Labellum Foreleg

Each sugar Gr gene contributes to the
detection of at least one sugar

PER response to every sugar, except
melezitose, is affected by more than one
sugar Gr mutation

Muf\sugar Suc Mal Fru Mel Glu Ara Tre Gly
Wildtype leg 8 8 8 8 8 8 8 8
lab 8 8 8 8 8 8 8 8
Gr64a®** leg 8 5 5 8 8 6 8 3Y
lab 8 8 8 8 8 7 8 3"
Gr64b*™®™* leg 8 6 8 8 7 7 7 2
lab 8 8 8 8 8 7 8 2
Gré4c*™* leg 5 4 6 8 7 5 8 3
lab 8 7 7 8 8 5 8 7
Gr64e"™ leg 7 8 8 8 8 6 8 2
lab 8 8 7 8 8 6 8 4
Grédf™ leg 7 6 7 6 3 5 5 7
lab 8 8 6 8 6 6 8 8
Gr5a"®* leg 8 4 8 8 5 6 4 5
lab 5 4 4 5 7 7 5 7

Fujii S, Yavuz A, Slone J, et al. Current Biology, 2015.

olfactory organs and brain




Gr43a functions as a narrowly tuned fructose receptor in taste neurons

an internal nutrient sensor
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Gr43a functions as an internal nutrient sensor in the brain
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Activation of Gr43a brain neurons evokes opposite, satiety-dependent valence
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AF/F (%)

Pharyngeal GRNs are activated by the ingestion of sweet compounds
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Feeding preference (Pl)
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Pharyngeal GRNs are necessary for the preference of poxn mutants for sweet compounds
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Pharyngeal GRNs indeed function to sustain ingestion of sweet food
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Total Feeding Time (s)

IR60b neuron negatively regulates ingestion in response to sucrose
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The IR60b neuron responds to sucrose depending on IR60b receptor
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The wings of fly detect tastant cues from the environment by taste receptors
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Taste sensilla knockdown in the wing abolishes aggregation and significantly reduces the
number of eggs

A Fly aggregation and glucose stimulus
i ? : : :
/’ - . / D Quantification of egg laying
£ ‘ 50
. - 1 s .5‘ o 40 - ]: I
- w
- o)
« I - v LW b4 30 - I
$ - s
. / b | "
/ -g 20
=
=
10 7 26 X
B 100 III
ol Il | |
=3 M -P 02 09
= C BT g \e“\* o
2 WP ot ot c.\)‘
6 o c® o
®
&
S
<C
UAS-RNAi(Poxn)  Wing-Gald Raad H, Ferveur JF, Ledger N, et al. Cell Reports, 2016.




w N

Take-home Message

Grb5a is essential for trehalose sensation and is expressed in most sugar-
responsive GRNs, while Gr64a, is required for detecting sucrose, maltose, and
glucose.

Gr64f is a broadly required receptor for both Gr5a and Gr64a to detect sugar.
Individual sweet Grs are required for sensing multiple sugars, and each sugar
response appears to be dependent on multiple sweet Grs.

Gr43a is a fructose receptor and functions as a nutrient sensor for hemolymph
fructose.

Gr43a pharyngeal GRNs detect sustained consumption of sweet compounds,
while IR60b neurons inhibit sucrose consumption.

The wing GRNSs are involved in the process of chemical detection.



TWO.

Sweet Taste Processing In The Brain
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sweetness gustatory neurons projections in the SOG

subesophageal ganglion (SOG): the first relay center of taste processing in the brain

J. Y. Kwon, A. Dahanukar, L. A. Weiss, J. R. Carlson, J Biosciences. 39, 565-574 (2014).
Z. Wang, A. Singhvi, P. Kong, K. Scott, Cell. 117,981-991 (2004).



Taste neurons in different tissues project to different locations in the SOG.

M: mouthparts
P: proboscis
L: leg

~Labellar
taste hairs

Z. Wang, A. Singhvi, P. Kong, K. Scott, Cell. 117,981-991 (2004).
E.E. LeDue, Y.-C. Chen, A. Y. Jung, A. Dahanukar, M. D. Gordon, Nature Communications. 6, 6667 (2015).
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sweet GRNs 1n the legs are required for sugar preference

Gr61a, Gro4f

Pl

Gré4e
GrSa
e o~
Gr61a
Gro4f J k Gr5a ascending tarsal GRNs, atGRNs
/’ \ segmental tarsal GRNs, stGRNs

Kwon, J. Y., Dahanukar, A., Weiss, L. A. & Carlson, J. R. A map of taste neuron projections in the Drosophila CNS. J Biosciences 39, 565-574 (2014).



atGRNs are required for feeding initiation.

atGRNs: Gr(64f-5a)

a 1 C
a ” > 1
0.75 1 I =
- £ 0.75
T 05 % o #* 5 o5
a .
025{F = T T 0.25 : :
N S stimulation on tarsus
0 0.5 1 1.5 2 0.001 0.1 10 1,000
Gr5a-LexA
[Sucrose] (M) [Sucrose] (mM)
LexAop-GAL8O _Il [:] Driver line control —@ — Gr(64f-5a) block A\— Effector line control
UAS-effector
b ; d
I . 2 1
0.75 | { - =
L 1 § 0.75
T 05 ? T 05
0251 % i 0.25
3 o
0 . 0+
0 0.5 1 1.5 2 0.001 0.1 10 1,000

[Sucrose] (M)

[} Driver line control

0.8 4

—@— Gr5a-GAL4 block

[Sucrose] (mM)

A\— Effector line control

ns

—
——

t mmecccce—-
[a—

0.6 4 T Kkk
o
04 1
0.2
0 3 N ) N &
& ® d‘\@ id &
o' s Ns RS & & &
A © © & & & F (SRS
RO & (O & &




stGRNs are required for locomotion suppression.
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* Functional dissociation of sweet taste receptor neurons in the tarsus.
atGRNs (terminate in brain SOG): feeding initiation

stGRNs (terminate in VNC): locomotion suppression upon food encounter
* Input from each taste organ is relayed to distinct higher-order neuronal circuits, which in turn regulate

different aspects of feeding behavior.
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A Taste Circuit that Regulates Ingestion by
Integrating Food and Hunger Signals

Graphical Abstract
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IN1 neurons

single cell clone

Gr43a>GCaMP3 Gré4e>GCaMP3

~ Labellar
" taste hairs

5

E.E. LeDue, Y.-C. Chen, A. Y. Jung, A. Dahanukar, M. D. Gordon, Nature
Communications. 6, 6667 (2015).
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IN1 interneurons receive presynaptic input from sugar
sensitive neurons in the pharynx.

Brain
"'.,‘.-D-...,...‘.
. Subesophageal ™. -¢¢ Synaptic-GRASP
5 zone o,
Posterior Taste neuror
) GF
= € ¢
om
o »
*
3 ‘ *
2 r I
n a(: E ns &
(U]
1 e See
Control Grb5a> Gr43a> Gr64a>
<
)
G

IN1T>CD8-GFP Gr>CD8-RFP



IN1 neurons were strongly activated when sucrose was ingested.

1M sucrose

Proboscis Post
Ingestion

No stimulus Ingestion

Intensity (A.U.)

Hunger state and sucrose concentration modulate IN1 activity.
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Neuron

Secondary Taste Neurons that Convey Sweet Taste
and Starvation in the Drosophila Brain
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NP1562 Neurons send dendrites to the sweet taste region of the SOG

A NP1562-GAL4 > GFP B NP1562-GAL4 > GFP

Clusterw Wi'USter I

Cluster Il

C NP1562-GAL4 > GFP

Labellum
Pharynx




NP1562 neurons GRASP with Gr5a+ neurons in the SOG
F

Gr5a > SpGFP, | NP1562 > SpGFP,

H NP1562-GAL4 > SpGFP, ,

GRASP

Grba-LexA > SpGFP,,

pre-synaptic terminals of NP1562-GAL4 neurons locate in AMMC

A NP1562-GAL4 > UAS-syt-HA NP1562-GAL4 > UAS-syt-HA

NP1562 neurons convey information from the SOG to the AMMC



NP1562 sGPNs neurons are activated by sucrose (Sucrose was applied to the proboscis).
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NP1562 sGPNs are functionally connected to Gr5a+ sweet taste neurons and dedicated to processing sweet taste.
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Hunger enhance behavioral sensitivity to sugar by the

: : Starvation increases the sucrose sensitivity of NP1562
release of dopamine onto primary gustatory sensory Y
necurons.
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Inagaki, H. K. et al.. Cell 148, 583-595 (2012).
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Long-range projection neurons in the
taste circuit of Drosophila

Heesoo Kim"?*, Colleen Kirkhart'?, Kristin Scott"?*

'Department of Molecular and Cell Biology, University of California, Berkeley,
Berkeley, United States; Helen Wills Neuroscience Institute, University of
California, Berkeley, Berkeley, United States

“We searched for neurons in a visual screen of more than 8000 images of Gal4 lines from existing collections.”

A GRNs B TPN1

C TPN2

D TPN3

TPN1 TPN2 TPN3



TPNs are in close proximity to gustatory projections. TPNs respond to taste compounds.

B
o
2
o A sucrose D
O]
(4v]
5 A sucrose y
O] z . :
Q- 5111 (-] (T, SO
o - AT
2 . :
5 ' ; sucrose —Y,
S : : water v
B g NI g s L \Y 0 /77
©
“ sucrose
r
C 40- o sucrose
* % % * % * % % 2
& e s bitter
ke ' :
75 : : water —¥
wn ’ '
£ Y S
= } )
g 20 ® 5sec
O -------
8 -eeenen
© 2! ; sucrose \d
()] - y Z M
< 10 I < ;
£ =S :
° *.'-q o @
> ’Qﬁ"‘f‘ ‘- 3 bitter
i f [ ' l l l water—\i_w__
Gr66a Grba Gré6a Grba Gr66a Grb5a

TPN1 TPN2 TPN3



Taste projection neurons are essential for conditioned taste
Taste projection neurons influence proboscis extension. aversion.

A 5quinine ’

sucrose " sucrose sucrose
A B pre-test pairing test after pairing
&Q’ 100 n.s. Kkx *r wx n.s. 100_
prn— o 80- [C] Full Extension
g 60- gPamal :\0\ 75-
c None ==
S 40- . o 50
©
5 20 x UAS-GeChrimson W ™ | TPN1/UAS-Shi (ts)
2 0 25+ 22°C (n=57;
Ret - + - .4 e e o e B 0 =@=30° C (n=56
Gal4 - Greaf  TPN1  TPN2  TPN3 c pre-test pairing 5 10 15 20 25 30
B minutes after pairing
q\ 100- . [CIno Retinal 100{ O—9—0
. 80- [ Retinal e T x
n.s. s n.s. n.s. i ; — |
E a x UAS-CsChrimson § 75 * W—M
o 40, X 50
> 204 o TPN2/UAS-Shi (ts)
sucrose 25+ 22° C (n=46)
Y =®=30° C (n=81)
Gald - Greaf  Greea  TPN1 TPN2 ~ TPN3 TPN3 (C220) 0+— : - — : — T
pre-test pairing 5 10 15 20 25 3
D minutes after pairing

100{ O—8—0 i ***i 3 > & ;
75- HXe ke

50+

TPN3/UAS-Shi (ts)
25 22° C (n=46)
=®=30° C (n=51)

bre-tesf ' pairing 5 1'0 1'5 éO é5 30
minutes after pairing

PER (%)




Diverse roles for the Drosophila fructose sensor Gr43a

Brain Proventriculus Uterus
Sensing fructose in Sensing fructose in Sensing fructose in
hemolymph to regulate food to control Gl seminal fluid to control
feeding activity/peptide release postmating behaviors in
females

A Fructose Receptor Functions
as a Nutrient Sensor Cell
in the Drosophila Brain

Tetsuya Miyamoto,! Jesse Slone,'? Xiangyu Song,-® and Hubert Amrein'*

'Department of Molecular and Cellular Medicine, Texas A&M Health Science Center, College Station, TX 77845, USA
2Present address: Department of Biological Sciences, Vanderbilt University, Nashville, TN 37235, USA

3Present address: Procter & Gamble Technology (Beijing), 35 Yu'an Road, Shunyi District, Beijing, PR China, 101312
Dedicated to the memory of Isabel Sofia Sitcheran Amrein
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A neural circuit linking two sugar sensors
regulates satiety-dependent fructose drive in
Drosophila.

Pierre-Yves Musso', Pierre Junca', and Michael D Gordon'.?*
'University of British Columbia, Canada
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*Correspondence: gordon@zoology.ubc.ca
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Silencing AB-FBI8 neurons increases fructose feeding
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SLP-AB impact behavior by promoting AB-FBI8 oscillations via the action of glutamate on GluCla
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AB-FBIS8 regulates fructose feeding via tachykinin signalling to Gr43a neurons.
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@ Starvation promotes foraging behavior
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Take-home message

1. SOG is the first relay center of taste processing in the brain

2. Sweet GRNs originating from different organs exhibit distinct axonal projection patterns in the
subesophageal zone (SEZ),

3.Input from each taste organ is relayed to distinct higher-order neuronal circuits, which in turn
regulate different aspects of feeding behavior.

GRNs(Gr5a+) in legs terminate in VNC: locomotion,

GRNs(Gr64f+,Gr61a+) in legs terminate in SOG: feeding initiation

GRNss in pharynx : maintain ingestion

GRNSs in labellum(Gr5a+): proboscis extention

4. Gustatory receptor(Gr43a) also expressed in the brain neurons as a nutrient sensors to control

sugar consumption.
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The Integration of Sweet Taste
And Other Information
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The integration of sweet taste and other information

 Signal integration in taste sensilla



Sweet plus bitter, eat or not

oy

o .9

PER = PR =
n1/(n1+n2) n3/n1
A B w'e like
1 ] *dkk
} g! sugar x [+
+bitter T
) o
Mixed el é]

n= 68 43 dislike

sugar @ bitter o™= 12 29 eat
) N\ m_mg
o

Dissociated

suc+stry
taste

L =

stimulation
B \ \ \X N
AN

>0 & Do
like @*66\\V‘60@6 @\660?*6@&6

Sli

dislike n=29 30 31 29 30 31
eat n=31 28 29 31 28 29

. TTT mmf

| *k*k
1 *k %

taste
suc suc + stry

like

dislike
eat

taste



Bitter-neurons are unnecessary for inhibiting sweet perception
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Activation of bitter neurons does not affect the activity of sweet neurons
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Summaryl
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Food hardness affects sugar preference
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nan in MSN participates in hardness perception
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MSNs inhibit sweet GRNs response to sugar
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Temperature and sweet taste integration in Drosophila

Qiaoran Li°, Nicolas A. DeBeaubien®, Takaaki Sokabe®, Craig Montell®>”




GRN cannot respond to low temperatures
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Bitter GRNs and MSNs are required for the cool-induced attenuation of the sugar response
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Rh6 is required for activation of bitter GRNs by cooling
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The integration of sweet taste and other information

« Other signal with sweet taste influence behavior



Sweetness induces sleep through
~gustatory signalling independent
~of nutritional value in a starved fruit
: ﬂy
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Sweetness promotes sleep in starved flies
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Starvation affects the taste sensitivity of fruit flies
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Neuronal pathway regulating sugar sensitivity during starvation
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Subsets of sNPF neurons regulate bitter sensitivity during starvation
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Distinct neuronal pathways modulating sugar and bitter sensitivity during starvation
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Take home messages

 Bitterness and sweetness regulate aversion and

attraction behavior independently
« Mechanical signals can interact with sweetness

« The mechanism of non-taste information integrate

with sweetness is unclear.
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